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ABSTRACT

Guanidinium fumarate dihydrate (GFDH), an organic material was grown by

slow evaporation method at room temperature. The monoclinic system of the

GFDH crystal was affirmed by single XRD analysis and its space group was

determined to be P21/n. The quality of the grown optical GFDH crystal was

confirmed with HRXRD analysis. The molecular structure of the GFDH crystal

was studied by FT-IR spectroscopy. UV–Vis study demonstrates the lower cut-

off wavelength (320 nm) and higher optical transparency of the GFDH crystal.

The Meyer’s index value (n = 1.23) of the GFDH crystal shows that the GFDH

crystal belongs to hard material category. Information regarding the thermal

stability and melting point were rendered from the TG–DTA thermal studies.

Dielectric studies were performed to understand the various polarization

mechanisms at different temperatures. The GFDH crystal exhibits high third-

order non-linear optical properties and optical limiting properties and that was

analyzed by the Z-scan technique.

1 Introduction

In recent decades, search of potential organic non-

linear optical materials with fast optical response are

highly important for various applications like optical

limiting, medical imaging, harmonic generation,

optical parametric oscillation and the fabrication of

optoelectronic devices [1, 2]. The inorganic crystals

have high mechanical strength and thermal stability

but low optical nonlinearity. Organic materials are

under investigation because of its flexibility, high

nonlinearities and they can be used to design new

novel materials. The presence of p-electron conju-

gated systems in organic materials makes the mate-

rial polarisable, and they are suitable for NLO

applications.

Currently, fumaric acid plays an important role in

the formation of good quality crystals. Similar to the

other binary carboxylic acids, it tends to form infinite
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chains arranged in a nearly coplanar manner by pairs

of strong O–H…O hydrogen bonds.

Guanidinium is a strong base and simple organic

material and can easily react with the majority of the

organic acids and gives the good crystalline product

because of its structures is related to those of amides

and proteins and its specific planar configuration

makes the cation as a potential H-donor in hydrogen

bonds interaction [3]. Guanidine are used to manu-

facture of plastics, photo chemicals, resins and dis-

infectant in industry because of its structure

containing nitrogens and N=C solid bond.

Guanidinium-based organic compounds such as

guanidinium cinnamate [4], guanidinium tartrate

hydrate [5], guanidinium 4-aminobenzoate [6],

guanidinium perchlorate [7] and aminoguanidinium

(1?) hydrogen L-tartrate monohydrate, have been

reported [8]. The structure of the guanidinium

fumarate dihydrate (GFDH) was studied and already

reported [9].

In the present work, GFDH crystal was grown by

slow evaporation solution growth technique. The

grown GFDH single crystal is characterized by single

XRD and the crystalline perfection of the GFDH

crystal is obtained by HRXRD. The various functional

groups of title compound are confirmed by FT-IR

analysis. The optical absorption spectrum of GFDH

crystal shows that the lower cut-off wavelength is at

320 nm. Microhardness, dielectric, third-order optical

properties have been investigated for GFDH crystal.

2 Experimental procedure

2.1 Material synthesis

Analytical reagent (AR) grade guanidinium carbon-

ate and fumaric acid salt was dissolved in water and

the saturated solution was prepared at room tem-

perature. The starting material was synthesized in the

stoichiometric 1:1 ratio and the reaction scheme is,

C3H12N6O3 þ C4H4O4 þH2O
! CN3H6½ �2�C4H2O4 � 2H2Oþ CO2 " :

The transparency of the crystal was improved by

consecutive recrystallization process. Optically good

transparent GFDH single crystal is obtained by slow

evaporation solution technique. The GFDH material

with good shape and dimension of 17 9 16 9 6 mm3

was grown within 30 days and it is displayed in

Fig. 1a.

2.2 Solubility studies

The solubility process is important for growing good

quality crystals. The solubility study of GFDH crystal

was carried out at different temperatures ranging

from 30 to 50 �C with an interval of 5 �C using a

constant temperature bath with the accuracy of ±

0.01 �C. Small amount of compound was dissolved

in 100 ml water and maintained in constant temper-

ature bath at 30 �C. Good solubility of the title com-

pound was obtained by continuous stirring using

magnetic stirrer at different temperatures. The solu-

bility curve of GFDH crystal is depicted in Fig. 1b. It

can be seen from the figure that the solubility

increases with the increase in temperatures, which

indicates that the GFDH has a positive solubility.

2.3 Measurement techniques

Single XRD study was done for GFDH using Bruker

kappa APEX II CCD diffractometer instrument with

Mo Ka (k = 0.71073 Å) radiation. The fine powder of

grown GFDH crystal was analyzed using Bruker D8

advanced powder X-ray diffractometer with the Cu

Ka radiation (k = 1.5407 Å) to check the crystalline

nature and quality. The crystallinity of GFDH was

analyzed using high-resolution X-ray diffraction

(Model: PANalytical X’Pert PRO MRD). The Fourier

transform infrared (FTIR) spectrum of title

Fig. 1 a GFDH single crystal and b solubility of GFDH in water

solvent
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compound was recorded in the range of

4000–400 cm-1 using a Perkin-Elmer spectrometer.

The optical absorption behavior of the grown guani-

dinium fumarate dihydrate crystal was recorded in

the range 200–800 nm using a Varian Cary 5E UV–

Vis spectrophotometer. Thermal studies (TG/DTA)

were performed on GFDH crystal using TGA Q 500

V20 instrument. Dielectric analysis of the grown

GFDH single crystal was analyzed using Hioki

3532-50 LCR Hitester instrument. Leitz Wetzlar

Vickers microhardness tester was employed to test

the mechanical hardness of the grown crystal. Z-scan

studies were performed on the crystal using Nd:YAG

laser of wavelength 532 nm to estimate the third-

order nonlinear optical susceptibility [v(3)] and to

understand the optical limiting phenomena.

3 Results and discussion

3.1 Single crystal X-ray diffraction study

Single XRD study confirmed that the title compound

crystallizes in monoclinic crystal system with the

space group P21/n. The obtained lattice parameter

values are a = 7.82 Å, b = 8.92 Å, c = 9.59 Å, a = c =

90�, b = 93.27� and V = 668 Å3 and are shown in

Table 1. These crystallographic parameters are well

matched with the reported values [9].

3.2 Powder XRD studies

The formation of crystal system and crystallinity of

the GFDH compound were analyzed through pow-

der X-ray diffraction (PXRD) study. The recorded

PXRD pattern of GFDH is shown in Fig. 2a. The

experimental XRD pattern is well matched with the

simulated XRD pattern and is depicted in Fig. 2b. A

sharp well defined peak observed at 23� of the (120)

plane confirm the crystallinity of the synthesized

material [10].

3.3 High-resolution X-ray diffraction
(HRXRD)

HRXRD study was used on the grown GFDH single

crystal to understand the crystallinity. The HRXRD

curve is shown in Fig. 3. The diffraction curve con-

tains only one peak without any satellite peaks; this

clearly indicates that the grown GFDH crystal does

not contain any internal structural grain boundaries

and the absence of impurities at macroscopic level.

From the figure, it is noticed that the full width half

maximum diffraction of the curve of GFDH grown

crystal is 4400 which is somewhat more than that

predictable value from the plane wave theory and it

reveals the presence of low point defects and good

quality. Therefore, GFDH single crystal can be used

for optoelectronic applications.

3.4 Fourier transform infrared (FTIR)
analysis

Infrared spectroscopy is used to identify the func-

tional groups present in the synthesized material. The

FT-IR spectrum of GFDH crystal is recorded and is

Table 1 Lattice parameters of guanidinium fumarate dihydrate

single crystal

Cell parameters Present work Reported value [9]

a (Å) 7.82 7.86

b (Å) 8.92 8.98

c (Å) 9.59 9.64

aO = cO 90 90

bO 93.27 93.19

v (Å3) 668 680

Space group P21/n P21/n

Crystal system Monoclinic Monoclinic

Fig. 2 Powder XRD patterns of GFDH: a experimental and

b simulated
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shown in Fig. 4. The absorption peaks observed at

3361 cm-1 are assigned to O–H stretching vibration.

The peak at 3019 cm-1 is due to the presence of

strong aromatic C–H stretching vibration. The peak

at 1643 cm-1 is due to presence of C=C stretching

vibration. The peak at 1516 cm-1 is assigned for N–O

asymmetric stretching vibration. The peaks at

1194 cm-1 and 1144 cm-1 indicate C–N stretching

vibrations. The peak at 952 and 802 cm-1 is assigned

to the presence of C–H bending mode. The peak at

670 cm-1 is assigned to the presence of N–H

stretching mode.

3.5 UV–Vis spectral analysis

UV–Vis study is an important tool to provide infor-

mation regarding, optical transparency, bandgap as

well as the process of electronic transition in the solid

molecule [11]. The spectrum of GFDH material was

carried out in the range 200–800 nm were displayed

in Fig. 5a. GFDH is a colorless crystal that shows low

absorption in the entire visible region which is a most

desirable property for NLO applications. From the

spectrum, it was found that the lower cut-off wave-

length (k) of the GFDH material is 320 nm. The a
value was evaluated using the relation:

a ¼
2:3026 log 1

T

� �

t
; ð1Þ

where a is the linear optical absorption coefficient, T
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Fig. 3 High-resolution X-ray diffraction curve recorded for a typical GFDH crystal

Fig. 4 FTIR spectrum of GFDH crystal
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is the transmittance (%) and the thickness (t) of the

title compound. The absorption coefficient (a) near

the absorption peak was assessed using the formula:

ðahmÞ2 ¼ Aðmh�EgÞm; ð2Þ

where m is the frequency of the incident radiation, A is

the constant and m is the integer value indicating the

indirect (2) and direct (1/2) optical transitions [12].

As this crystal corresponding to a direct transition,

the bandgap of crystal was calculated plot between

(ahm)2 versus hm as shown in Fig. 5b. The Eg value

calculated using the below formula:

Eg ¼
hc

ke
ðeVÞ; ð3Þ

where c is the velocity of light in vacuum, h is the

Planck’s constant and ke is the lower cut-off wave-

length of the GFDH crystal. The direct optical band-

gap (Eg) of the GFDH crystal is found to be 3.88 eV.

The optical bandgap Eg of the GFDH crystal shows

that the crystal has good optical transmittance.

Therefore, it may be a suitable candidate for optical

switching and optoelectronic applications [13, 14].

3.6 Thermal studies

Thermal stability, decomposition and melting point

of the grown GFDH sample have studied from ther-

mogravimetric (TG) and differential thermal analysis

(TG–DTA) [15]. 1.9 mg of crystalline powder has

taken in an alumina crucible. Nitrogen gas has

allowed entering the furnace to maintain a stable in-

ert nitrogen atmosphere. The sample has heated in

the temperature range of 35–500 �C with the heating

rate of 20 �C/min. TGA–DTA curves of GFDH

material are shown in Fig. 6. The TG curve shows

two stage weight losses in the GFDH material. The

first weight loss shows in the temperature range from

35 up to 105 �C due to loss of water molecules in the

crystal lattice. After the dehydration, the GFDH

compound is almost intact up to 248 �C, followed

which it decomposition. This confirms that before

this temperature there was no endothermic or

exothermic transition. The second major weight loss

pattern occurred between 248 and 500 �C, This

weight loss is may be to the release of CO2, CO, NO2,

NH3 molecules.

DTA was also conducted between 35 and 500 �C.
The resulting curve is illustrated in Fig. 6. There was

one sharp endothermic peak at 249 �C which repre-

sent the melting of the GFDH crystal. The sharp

endothermic peak found matching with the second

weight loss in TGA curve. A sharp endothermic peak

at 249 �C reveals excellent phase transformation.

3.7 Dielectric studies

The information about changes of structural, behav-

ior of defect, molecular anisotropy and optical

properties within the crystalline materials can be

easily known by the dielectric studies. With dielectric

studies, polarizability can be detected within non-

linear optical materials [16, 17]. The dielectric con-

stant (e’) and dielectric loss (e00) with log of frequen-

cies were determined for different temperatures (40–

70 �C). The e’ was determined from Eq. 4:

Fig. 5 a Optical absorption spectrum and b optical bandgap

energy of GFDH

Fig. 6 TG and DTA of GFDH
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e0 ¼ Ct

Ae0
; ð4Þ

where C is the capacitance, e0 is the permittivity of

free space. The dielectric loss e00 was calculated for

GFDH material using the equation,

e00 ¼ De0; ð5Þ

where D is the dissipation factor. The variation of

dielectric constant of the crystal with the log of fre-

quency for different temperatures has depicted in

Fig. 7a. From the figure, the e’ decreases with increase

frequency. The high value of e’ at low frequencies,

may be due to the space charge, orientation, ionic and

dipole polarizations. Space charge polarization is

usually may be active at high temperatures and high

e’ at lower frequencies and exposed the purity and

perfection of the materials [18, 19]. Figure 7b repre-

sents the variation of e00 with log of frequency for

various temperatures. The e00 is low with high fre-

quency for the crystal suggests that it has improved

good optical quality with fewer defects. Hence this

GFDH crystal is suitable for nonlinear optical appli-

cations [20, 21].

3.7.1 Estimation of solid-state parameters of GFDH

single crystal

Electronic polarizability (a) can be estimated using

two approaches such as Penn gap analysis and

Clausius–Mossotti relation. To perform the compu-

tational process, it is necessary to first determine

certain quantities such as valence electron plasma

energy, Penn gap energy and Fermi energy. This

solid-state parameter has estimated based on the

molecular formula of the GFDH single crystal. The

molecular weight M = 680.4 g/mol, the density (q) of
the GFDH single crystal: 1.32 Mg/m3. The total

number of valence electrons (Z) of the C6H18N6O6

crystal has obtained as Z = (6 9 ZC) ? (18 9 ZH)-

? (6 9 ZN) ? (6 9 ZO) = 144. At high frequency

(5 MHz), the e? has estimated to be 14.18.

The valence electron plasma energy (�hxp) can be

determined using following formula:

�hxp ¼ 28:8
q � Z
M

� �1
2

: ð6Þ

Using the plasma energy (�hxp), the Penn gap (EP)

and the Fermi energy (EF) has calculated from the

following equations:

EP ¼ �hxp

ðe1 � 1Þ
1
2

; ð7Þ

EF ¼ 0:2948ð�hxpÞ
4
3: ð8Þ

SO is a constant for a specific compound and it has

obtained using the formula:

SO ¼ 1� EP

4EF

� �
þ 1

3

EP

4EF

� �
: ð9Þ

The a values of the GFDH crystal has calculated

from the Penn gap relation:

a ¼ SOð�hxpÞ2

SOð�hxpÞ2 þ 3E2
P

" #

�M

q
� 0:396� 10�24 cm3:

ð10Þ

The a values has also confirmed using the Clau-

sius–Mossotti approach as:

a ¼ 3M

4pqNa

e1 � 1

e1 þ 2

� �
cm3: ð11Þ

The estimated values of the EP, EF, a and SO of the

GFDH compared to the standard KDP are listed in

Table 2. The values of GFDH single crystal is high

compare to KDP material.

3.8 Microhardness analysis

Microhardness study helps to understand types of

mechanical strength of a single crystal. The micro-

hardness has been studied different load from 10 to

60 g for an indentation time of 5 s. The VickersFig. 7 a Dielectric constant (er) with log frequency and

b dielectric loss with log frequency of GFDH
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hardness number Hv was calculated using the

equation:

Hv ¼ 1:8544 p=d2
� �

kg=mm2; ð12Þ

where p is the applied load and d is the diagonal

length. The graph plotted between to Hv and p is

presented in Fig. 8a. From the plot has observed that

the Hv decreases with the increase p and it is related

to the indentation size effect (ISE). For above 60 g,

cracks started increasing around the indentation

mark. This may be the release of internal stress gen-

erated locally by indentation.

3.8.1 Analysis of Meyer’s law

The simplest to describe the ISE is Meyer’s law, the

relation between the applied indentation load (p) and

size of indentation (d) is given as follows,

p ¼ A1d
n; ð13Þ

where n is the Meyer’s index and A is the material

constant. The value of n for normal indentation size

effect (ISE) behavior is less than 2 (n\ 2). Similarly,

the reverse indentation size effect is expressed when

the [RISE] behavior is greater than n value 2 (n[ 2).

The value of n can be evaluated from the Meyer’s

graph of log p vs log d. Figure 8b shows the plot

between log p and log d. In this study, n found to be

1.23 (ISE) for GFDH. According to rule of Onitsch, for

hard materials category the n is below 1.6 and for soft

materials category greater than 1.6 [22, 23]. Therefore,

GFDH belongs to hard material category, which may

be caused by higher bonding forces between the

atoms of the material.

3.8.2 Analysis of yield strength (ry)

The ry of the crystal can be estimated from the ‘Hv’

and depends on n value. For n[ 2, the ry can be

evaluated from Eq. 14:

ry ¼
Hv

2:9

� �
½1� ðn� 2Þ� 12:5

n� 2

1� ðn� 2Þ

� 	n�2

: ð14Þ

In the present study, n value is not greater than 2

(n\ 2, 1.23), so the yield strength was estimated

using the following expression [24]:

ry ¼
Hv

3
: ð15Þ

It is seen from Fig. 8c that the ry decreases also as

p increases. The measured results are displayed in

Table 3.

3.8.3 Analysis of elastic stiffness constant (C11)

The stiffness constant (C11) for various loads has been

estimated using Wooster’s empirical equation [1]. It is

presented an extensive idea about the high bonding

forces between neighboring atoms in the material.

C11 ¼ ðHvÞ
7
4: ð16Þ

It is seen from Fig. 8d that the C11 decreases also as

p increases. The measured results have been dis-

played in Table 3.

3.9 Z-scan technique

The third-order nonlinear properties of the GFDH

crystal were analyzed through Z-scan technique. The

values of third-order nonlinear optical parameters

like nonlinear refractive index (n2), the nonlinear

absorption coefficient (b) and the optical nonlinear

susceptibility v(3) can only be estimated from the

open and closed aperture Z-scan curves [25, 26]. In

the open aperture mode, laser light coming from the

crystal was collected directly using the photo detector

along with a digital power meter.. The recorded

GFDH crystal open aperture curve is depicted in

Fig. 9a and it exhibits saturable absorption behavior.

The recorded closed aperture curve of GFDH are

displayed in Fig. 9b and it has concluded that the

Table 2 The electronic

parameters estimated for

BGTTH single crystal

Parameters Present study KDP values

Plasma energy (eV) 24.134 17.28

Penn gab (eV) 6.647 2.37

Fermi energy (eV) 20.555 12.02

Electronic polarizability a (cm3) using Penn analysis 6.506 9 10-23 2.14 9 10-23

Electronic polarizability a (cm3) using Clausius–Mossotti equation 6.620 9 10-23 2.10 9 10-23
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crystal exhibits peak followed by a valley which is

indicated that the nonlinear refractive index is nega-

tive sign, that is, strong self-defocusing behavior of

the title compound.

The normalized peak and valley transmittances

(DTP–V) were determined using,

DTP�V ¼ 0:406 1� Sð Þ0:25jD0j; ð17Þ

S ¼ 1� exp
�2r2a
x2

a

� �
: ð18Þ

Fig. 8 a Plot of load p vs. Hv, b plot of log d vs. log p, c plot of load p vs. ry and d variation of load p vs. C11 of GFDH crystal

Table 3 Microhardness number (Hv), yield strength and stiffness constant values of GFDH material

Load, p (g) Hardness number, HV (kg/mm2) Yield strength, ry (GPa) Stiffness constant, C11 9 1014 (Pa)

10 96.11395 32.03798294 2950.368319

20 90.1738 30.057934 2638.703949

30 50.84138 16.94712562 968.0109744

40 32.50262 10.83420693 442.4428351

50 19.52796 6.509319182 181.4050776

60 13.92042 4.64014095 100.320976

22138 J Mater Sci: Mater Electron (2020) 31:22131–22142



The radius of aperture (ra); the beam radius of

aperture (xa). The n2 was evaluated using the fol-

lowing formula [27]:

n2 ¼
Du0

jLeffI0
: ð19Þ

The b was estimated using the below equation:

b ¼ 2
ffiffiffi
2

p
DT

I0Leff
; ð20Þ

where DT indicates the peak value at the open aper-

ture plot. Io indicates the input intensity of the inci-

dent beam and Leff is presented by [1 - exp (- aL)]/
a], here L indicates as thickness of the sample and a
denotes as linear absorption coefficient.

Revð3Þ ðesuÞ ¼ 10�4ðe0n2c2n20Þ
p

cm2=W ð21Þ

and

Imvð3Þ ðesuÞ ¼ 10�2ðe0kbc2n20Þ
4p2

cm=W: ð22Þ

From Eqs. (21) and (22), were obtained the real and

imaginary part of third-order NLO susceptibility [28].

The permittivity of free space (e0 = 8.854 9 10-12 F/

m); the velocity of light in vacuum (c = 3 9 108 m/s);

the v(3) of the GFDH material was evaluated using the

following formula:

vð3Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðRevð3ÞÞ2 þ ðImvð3ÞÞ2

q
: ð23Þ

The estimated third-order nonlinear optical

parameter of the GFDH crystal is listed in Table 4.

Fig. 9 a Z-scan plot for open aperture, b Z-scan plot for closed aperture and c optical limiting spectrum of GFDH crystal
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The negative refractive index value (- 4.1243 9 10-8

cm2/W) of the grown crystal represents the self-de-

focusing nature and the reverse saturable absorption

which finds optical limiting applications [29]. The

grown crystal possesses a high value of v(3)

(6.8906 9 10-6 esu). This could be due to the avail-

ability of fast p-electron cloud movement which is

responsible for higher molecular polarizability [30].

Thus the GFDH material can be used for photo sen-

sors and nonlinear optical applications.

3.10 Optical limiting studies

The optical limiting effect is a nonlinear optical pro-

cess [nonlinear absorption (NA) and nonlinear

refraction (NR)] in which the transmitted signal from

the sample increases with input signal intensity and

remains constant at threshold intensity. The optical

limiting process can be achieved by various NLO

mechanisms, including induced scattering, two-pho-

ton absorption, self-defocusing and photo-refraction

in NLO media [31]. The optical limiting behavior of

GFDH material is depicted in Fig. 9c. From the fig-

ure, it is noted that the output power intensity

reaches saturated point called as limiting amplitude

of the GFDH single crystal. The limiting threshold for

saturation and output clamping values were found to

be 27.14 mW and 3.02 mW, respectively. Therefore,

the grown GFDH single crystal is used to protect the

human eyes and optical sensor systems, because of its

good optical limiting applications [32].

4 Conclusion

Third-order nonlinear optical single crystal of

guanidinium fumarate dihydrate single crystal with

17 9 16 9 6 mm3 dimension has grown by slow

evaporation solution method. The grown GFDH

single crystal has good solubility in water. It has been

found that the grown GFDH single crystal belongs to

the monoclinic system with the P21/n space group by

the single X-ray diffraction studies. The crystalline

planes and their crystallinity has detected by the

powder XRD measurement. HRXRD confirms the

quality of the grown crystal. FT-IR study confirms the

molecular structure of the titled material. UV–Vis

spectral analysis shows that the lower cut-off wave-

length of the grown crystal is 320 nm. Bandgap

energy was found to be 3.88 eV. The thermal stability

of the GFDH single crystal has studied by TG–DTA

analysis. The dielectric studies revealed that the

GFDH crystal exhibit good dielectric behavior. The

Vicker’s microhardness measurements reveal that

GFDH crystal belongs to hard material category. The

grown crystal show negative refractive index value

(- 4.1243 9 10-8 cm2/W) as well as high third-order

nonlinear optical susceptibility value (6.8906 9 10–6

esu). Also, the limiting threshold of saturation (27.14

mW) and output clamping value (3.02 mW) of the

grown crystal find potential application in the field of

eye surgery and optical sensor devices.
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